Abstract
Introduction
Mg and its alloys with hexagonal close-packed lattice exhibit the limited number of active slip systems at room temperature [1] . Typical wrought Mg alloys develop strong basal texture during rolling [2] . This texture with a preferred orientation, where the basal planes are parallel to the sheet plane, causes mechanical anisotropy and poor formability at room temperature [3] . The limited formability of Mg alloy sheets is one of the main reasons hindering industrial applications. Grain refinement and texture modification can improve the forming characteristics of Mg alloy sheets [4] .
Equal channel angular pressing (ECAP) provides possibilities for producing semifinished materials with fine grains and unique textures [5, 6] . There are extensive studies on the processing of Mg alloys by ECAP regarding the effect of the processing temperature [6, 7] , channel angle [8] [9] [10] and processing route [11] [12] [13] .
They reported that the grain refinement and texture change induced by ECAP lead to high improvement of tensile properties. However, the existing studies on ECAP are limited to bulk materials, e.g. extruded bars.
For the application of ECAP to Mg alloy sheets, it is necessary to investigate systematically the process parameters. In this regard, Suh et al. [14] investigated the microstructure and resulting mechanical behavior at room temperature of AZ31 sheets, which were processed by ECAP at 175, 200 and 225 °C with a channel angle (Φ) of 130°. Grain structure becomes more homogeneous and finer with increasing processing temperature. Particularly, shear deformation induced by ECAP leads to a broad angular distribution of the basal planes from the normal direction (ND) towards the pressing direction (PD), which was in that study parallel to the rolling direction (RD). Consequently, the uniform elongation (ɛu) in the RD of AZ31 sheet, which was processed by ECAP at 225 °C, was improved by 31% compared to the rolled sample. 3 ECAP offers the possibility of multiple repetitions, so that further significant changes in texture and grain structure can be achieved due to a change of the sample orientation with respect to the shear direction, i.e. processing route. In this study, AZ31 sheets were processed by ECAP at 225 °C with Φ = 110° regarding the strain path change. Considering mechanical anisotropy of Mg sheets, the new presented processing route is denoted as route D. On route D, the PD is parallel to the RD in the first pass and to the TD in the second pass by 90° rotation around the ND. The present study aims to investigate the effect of the modified processing route on the microstructure and mechanical behavior at room temperature of equal-channel angularly processed (ECAPed) AZ31 sheets.
Experimental procedure
Hot-rolled AZ31 Mg alloy (3Al-1Zn-0.3Mn-Mg Bal. wt.%) sheets with a thickness of 1.8 mm were used in this work. After hot rolling, a recrystallization annealing was performed at 350 °C for 0.5 h. An ECAP test tool was designed and manufactured for imposing shear strain on sheets as presented in Fig. 1a [14] . In the open position, a sheet with dimensions of 200 × 200 × 1.8 mm 3 was laterally inserted between the tool elements. During closing of the blank holder plate with a press speed of 5 mm/s, the sheet was locally heated by the both channel parts, which were pre-heated at 225 °C using two cartridge heaters. Subsequently, it was pressed through the channel part with Φ = 110°. The analytically effective strain per pass with Φ = 110° is ~0.8 [15] . On the new presented route D, the shear strain is imposed on the RD and subsequently on the TD with 90° rotation in the sheet plane (Fig. 1b) . After each pass, the ECAPed sheets were hot-leveled at 200 °C for 0.5 h with a pressure of 7.3 kPa, to achieve a homogeneous microstructure and completely flat sheets. 4 The microstructures of the rolled and ECAPed sheets were analyzed by electron backscatter diffraction (EBSD) using a field emission gun scanning electron microscope (Zeiss TM , Ultra 55). Longitudinal sections of the samples were polished electrochemically using a Struers TM AC2 solution at 16 V for 80 s at -25 °C. EBSD measurements were implemented at an accelerating voltage of 15 kV and a step size of 0.3 µm over an area of 150 x 300 µm 2 .
Quantitative texture measurements were implemented with a Panalytical TM X-ray diffractometer (XRD) in reflection geometry using Cu-Kα radiation. Six pole figures, (0001), (10-10), (10) (11) , (10) (11) (12) , (10) (11) (12) (13) and (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , were measured up to a tilt angle of 70°. The data were used to calculate the orientation distribution function and recalculate pole figures. In this study, (0001) pole figure represents the global texture of the rolled and ECAPed sheets.
Tensile specimens at the angles of 0°, 45° and 90° to the RD were prepared according to DIN 50125 H 12.5 × 50. Tensile tests were performed at room temperature with a quasi-static strain rate of 1.0 x 10 -3 s -1 using a Zwick TM Typ 1484/DUPS-M testing machine. The Lankford coefficient (r-value) was calculated at 10% engineering strain in each tensile direction and is designated as r10. The strain hardening exponents (n-value) were calculated by power law regression over the strain range from 10 to 15%. Mg alloys that underwent dynamic recrystallization [16] . This results from continuous production and absorption of dislocation in low angle grain boundaries, as well as progressive transformation to high angle grain boundaries [17] . New recrystallized grains surround the original grain boundaries, resulting in necklace structure [17] .
Despite two ECAP passes on route D, the average grain size is not refined further and amounts to 10.5 µm (Fig. 2c ). However, a more homogenous microstructure with equiaxed grains develops through route D compared to the ECAPed sample in a single pass. The shear deformation after the second ECAP pass may consume the serrated boundaries and small grains of the first ECAP pass, and hence build new grains. Furthermore, the IPF map of the rolled sheet shows that most grains have 6 (0001) axis parallel to the ND. In contrast, many grains of the ECAPed sheets exhibit other different directions apart from the ND. It is evident that the preferred orientation of the rolled sheet is weakened and randomized by ECAP. (Fig. 3b) . A texture component is developed, which is tilted by ~80° towards the RD. It originates from the activation of {10-12} <10-11> twins, which can reorient the c-axis ~86° away of the original direction [18] . This twinning mode is the most commonly and easily activated twin in Mg [19] . On the other hand, the texture on route D is slightly strengthened and the texture component in the RD, which was generated in the first pass, weakens. Instead, the new component 7 develops visibly along the TD. The Imax in the RD and TD is inclined comparably by ~5°. Especially, the basal planes are tilted by ~15° at 45° to the RD. It certainly suggests that this unique texture evolution has a distinct influence on the mechanical anisotropy. . 2 ) and the definition of the Schmid factor, the mbasal should be low for the asrolled condition. The reason is that the c-axis of most grains is parallel to the ND of the sheet, and thus the basal planes are mostly parallel to the loading direction. By contrast, ECAPed sheets can exhibit high mbasal due to the texture with an inclined caxis towards the PD. Another important feature is that high fractions of twins are observed in the ECAPed microstructure. Some examples are marked inside the dashed white squares and in the close up of Fig. 4c . Most of twins originate from {10-12} tensile twinning. This twinning mode is preferred, when applying tension parallel to the c-axis or contraction perpendicular to the c-axis [20] . As a characteristic feature, twinning can rotate unfavorably oriented crystals to favorable direction for dislocation slip [21] .
Consequently, {10-12} tensile twinning can increase the Schmid factor and contribute to further activation of basal <a> slip. Besides, the texture of the ECAPed sheet with the inclined c-axis can experience further the activation of {10-12} tension twins, because tensile twinning accommodates tension along the c-axis [14] . Table 1 summarizes the calculated Schmid factors for basal <a> slip, prismatic <a> slip and pyramidal <c+a> slip. According to the Schmid's law [22] , high average mbasal of the ECAPed sheets can lead to a considerable decrease of yield strength (YS) in each tensile direction. Moreover, it is found that the rotation of the basal planes during ECAP has an influence on the activity of prismatic and pyramidal slip.
As will be discussed in section 3.3, the reduction of the Schmid factors, especially those of prismatic slip, have a significant effect on work hardening behavior of the ECAPed samples. Table 2 . It is especially noteworthy that route D provides a nearly isotropic stress-strain curve.
This can be attributed to the combination of the shear deformation along the RD and TD between the successive passes. After the single pass, the effect of the shear deformation is evident from the improvement of ɛu in the RD (19.3%) compared to the rolled sheet (13.4%). Furthermore, the n-value in the RD is increased from 0.13 to 0.22. Hence, it is determined that high n-value enhances the ductility due to an increase in resistance to plastic instability. However, there is no enhancement of ɛu and n-value in the TD. On route D, ɛu in the RD, 45° and TD is 18.4, 20.6 and 17.2%, respectively. Compared to the single pass, ɛu in the RD is reduced slightly, but ɛu in the 45° and TD is enhanced by 6.7 and 17%, respectively. In this connection, the nvalue in the TD is considerably increased from 0.15 to 0.21. Thus, ɛu in the TD is developed to a similar extent of the RD. Such a variation in the tensile properties can be explained by the microstructure and texture evolution as described above.
Suh et al. [14] reported that such an effect was evident from a monotonic increase in the fraction of the microstructure with high Schmid factors. The increase in Schmid factor for basal <a> slip and tension twinning was observed compared to the asrolled condition [14] . On route D, this effect is evident from the decline in YS and the enhancement of ɛu and n-value particularly in the TD.
When the basal planes are distributed more broadly or inclined more along one direction than others, r-value increases as the angle between the texture-broadened direction and tensile direction increases [3] . In this respect, there is a distinct difference in r10 between the RD and TD (0.75 vs. 1.45) in the single pass. On route D, however, r10 in the RD, 45° and TD have a comparable value of 1 (refer to Table 2 ). The Lankford coefficient close to 1 indicates an isotropic cross-sectional contraction, since the texture development on route D facilitates the thickness strain.
For the above reasons, route D enables reducing the mechanical anisotropy of the ECAPed AZ31 sheet. [23] . Such a behavior in stage III can be well described by a differential form of Voce equation [24] in terms of σ -σ0.2 [25] :
where III 0
Θ is a hardening limit extrapolated to σ = σ0.2, and σs is a saturation stress extrapolated to Θ = 0. The corresponding values of III 0
Θ and σs are listed in Table 2 . The differences of the WH behavior in the rolled and ECAPed sheets can be attributed to texture effects. The rolled sheet exhibits a steep decline in Θ and the 13 lowest value in the RD, whereas the hardening behavior is similar in the TD and 45° (Fig. 6a) . On the contrary, the ECAPed sheets exhibit higher Θ and slower drop than the rolled sheet. It can be considered that the shear deformation leads to a high WH and restrains dynamic recovery, which is related to the slope of the curves during stage III. In this way, the single pass shows the enhancement of Θ in the RD due to the inclination of the c-axis. However, there is a large difference in the WH behavior among three tensile directions and it results in high mechanical anisotropy (Fig. 6b) .
On the other hand, route D exhibits a comparable hardening behavior in all directions due to the shear deformation along the RD and TD (Fig. 6c) .
Agnew et al. [26] reported that prismatic <a> slip exhibited a relative large activity compared with pyramidal <c+a> slip during in-plane extension at room temperature in AZ31 alloy. Cross-slip of <a> dislocations from basal to prismatic planes causes a decrease in Θ of the basal planes [23] . Dynamic recovery originates from this crossslip of <a> dislocations and is related to softening behavior [23] . The slower decline in Θ of the ECAPed sheets indicates that the tilted c-axis, which is favorable for basal <a> slip, reduces the activation of prismatic <a> slip. As discussed above, the single pass and route D have the Schmid factor for prismatic <a> slip close to mprismatic ≈ 0.36 with respect to the orientation of the c-axis in the ECAPed samples.
By contrast, the rolled sample shows mprismatic ≈ 0.43 in both tensile directions (refer to Table 1 ). Therefore, it can be inferred that the ECAPed texture inhibits cross-slip of <a> dislocations onto prismatic planes. Thus, dynamic recovery may be restrained by a texture that is favorable for basal <a> slip. This is in agreement with the hardening behavior of AM60 alloys processed by hot rolling and ECAP [23] and AZ31 sheets processed by differential speed rolling [27] .
The activated {10-12} <10-11> twins are observed in the ECAPed AZ31 sheets with the texture tilting to the PD [14] . {10-12} twin boundaries with the reorientation of the 14 basal planes by ~86° can act as barriers to dislocation motion and become a source of work hardening [27] . The existing studies reported a similar observation on twininduced work hardening [27] [28] [29] . Tension twinning induces an increase in the WH during deformation, leading to a larger ɛu [29] . Moreover, a complete reorientation of {10-12} tension twins can accommodate a theoretical maximum extension of 6.4%
along the c-axis [19] . This effect can increase the uniform elongation in Mg alloys [30] .
On route D, the shear deformation along the TD by ECAP induces the inclination of the c-axis as well as the activation of {10-12} tension twins in the TD. The restrained dynamic recovery and twin-induced work hardening result in the increase of the ɛu in the TD. As a result, route D provides a comparable WH behavior in three tensile directions, and hence allows an almost isotropic hardening of the ECAPed AZ31
sheet.
The hardening capacity (Hc) of a material can be described as a ratio of the UTS and YS and it is expressed as the following normalized parameter [31] : Hc and n-value. As mentioned above, the n-value also describes a hardening ability and high n-value promotes high uniform elongation due to an increase in resistance 15 to necking [32] . In a related development, the n-value of the ECAPed sheets shows a high degree of the directional dependence in accordance with the PD.
Such a different behavior is directly resulted from the texture effect. The rolled sample has a strong texture, which is not beneficial for basal <a> slip and requires higher initial stress to activate basal and non-basal slips. In the single pass, much lower Hc in the TD is observed due to the unfavorable distribution of the c-axis for basal slip compared to the RD. On the other hand, route D provides a comparable hardening ability because of a relative symmetrical distribution of the basal planes with the tilted c-axis.
Hardening capacity of a material is related to its YS and the following WH, which is attributed to dislocation strengthening effects [31] . According to the Hall-Petch relationship [33, 34] , grain refinement principally increases YS and hence reduces the Hc. It also reduces the difference of the flow resistance between grain boundary and interior, which in turn reduces Hc [35] . On the contrary, this present study shows that the texture modification during ECAP has a more dominant influence on the yield stresses than the grain refinement. This shows a good agreement with a decrease in YS of the conventional ECAPed bars of AZ31 [36] and AZ61 alloys [37] . 
Conclusions
The present study investigated the effect of the modified processing route on the microstructure, texture and mechanical behavior at room temperature of the ECAPed AZ31 sheets. The main results from this study are summarized as follows:
1. On the new presented route D, the shear strain is imposed on the RD and subsequently on the TD with 90° rotation in the sheet plane. The change of the strain path is proven to be an effective way to tailor the texture of AZ31 sheets. also indicate that texture change has a more dominant influence on the mechanical properties rather than grain refinement in AZ31 Mg sheet.
